Presented here is a motion planning scheme for enabling a quadrotor to serve as an autonomous communications relay in indoor/GPS-denied environments. Using antenna selection diversity, the quadrotor is able to optimize its location in the communication chain so as to maximize the link throughput. Measurements of the communications field drive a gradient descent algorithm that moves the quadrotor to an optimal location while avoiding obstacles, all without the use of positioning data.
INTRODUCTION
Unmanned ground vehicles (UGVs) have become a desired asset for operations in urban environments whether it's soldiers searching a potentially dangerous building or exploring a cave, or first-responders performing search and rescue amongst wreckage. Typically a ground station will be external to the building from which an operator can control the robot and receive imagery from the UGV. A problem faced by all of these mobile robots is that as the UGV descends further into a building, the communications link degrades. High-frequency digital communications are the preferred communications link between the robot and ground station, but they're limited to line-of-sight (LOS) operations and hence, difficult to maintain in indoor or urban environments as the RF signal is susceptible to interference, multipath, and attenuation. One way of solving this problem is to add communications relays between the ground station and robot, thus creating a communications chain. The quality of the end-to-end wireless communication link is directly influenced by the motion and location of the nodes in the radio propogation network. While the end nodes in a communications chain (UGV and groundstation in the above scenario) may move independently, the relay nodes should move so as to optimize the communication link.
In Ref. 1, the authors were some of the first in the networking community to suggest using controlled mobility for improving communication performance of networks of mobile agents. The proposed scenario consisted of fixed source and destination nodes with some number of mobile relay nodes whereby each agent knew its position and the position of its neighbors and attempted to optimize the communications link based on this information. Execution of the algorithm results in the nodes assuming a position on the straight line between the source and destination nodes with equidistant spacing between each node. As this approach doesn't take into account any actual measure of the quality of the communications link, the resultant link will likely be less than optimal, especially once obstructions and noise sources are introduced.
The authors in Refs. 2 and 3, moved beyond the traditional position-based methods for locating their fixedwing UAV communications relay. As a fixed-wing UAV has to maintain continual forward motion in order to stay aloft, the researchers used this to their advantage. The aircraft continually orbits around a center-point; as it circles, signal-to-noise ratio (SNR) measurments are taken so as to estimate the gradient of the communications field. The location of the UAV's orbit center-point is then moved based on the gradient field, improving the end-to-end communications link.
Little work has been done regarding the use of communications relays in indoor or GPS-denied environments. Previous work has focused on using static relays dropped by the UGV as it proceeds. Additional work is currently in progress investigating the use of UGVs as indoor communications relays. 4, 5 This paper focuses on investigating the use of UAVs as indoor communications relays. While the groundstation to UGV scenario is the motivation for this research, the communications relay described here within may be applicable to any environment where a communications relay is needed as shown in Fig. 1 .
Section 2 provides background information on quadrotors including a nonlinear model. The problem statement and proposed communications relay algorithm based on antenna diversity are described in Section 3. Simulations results are presented in Section 4. Section 5 contains hardware experimentation results and Section 6 discusses some conclusions and future work to be performed.
QUADROTORS

Quadrotor Preliminaries
A quadrotor UAV is an ideal platform for an indoor communications relay. 6 As its name suggests, a quadrotor is propelled by four rotors, two spinning clockwise and two spinning counter-clockwise. Quadrotors can hover in place, move up or down by increasing/decreasing all four motor speeds, or, by varying the speeds of the motors relative to the others, the quadrotor can move laterally in any direction or turn in place.
Quadrotors are underactuated nonlinear mechanical systems which complicates the control design task. Techniques developed for fully actuated systems can not be directly applied to underactuated nonlinear mechanical systems. 7 The most common practice in flight control is to linearize the aircraft dynamics about different trim conditions and use gain scheduled linear control techniques for aircraft control during different flight regimes.
8, 9
For increasingly stringent design requirements of multi-objective, highly constrained missions such an approach may be inadequate. Therefore, nonlinear modeling techniques and modern nonlinear control theory are usually employed to achieve autonomous flight with high performance.
Quadrotor Model
This section presents a nonlinear dynamic model of a quadrotor. The quadrotor dynamics are derived from firstprinciples to describe a six degrees of freedom rigid body model driven by forces and moments. The reference frames used are shown in Fig. 2 . The ground frame {G} is the inertial frame fixed to the earth. The aircraft frame {A} is fixed to the moving aircraft and has its origin at the center of mass of the quadrotor. The transformation matrix between these reference frames is obtained by matrix multiplication of the three basic orthogonal rotation matrices which belong to a special orthogonal group SO(3, ).
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The following variables are used to describe the aircraft dynamics: The quadrotor equations of motion arė
where Q(η 2 ) is singular for θ = ± π 2 . This singularity does not present a problem because the quadrotor will not execute aggressive maneuvers (i.e., achieve a pitch of 90 • ). However, if such maneuvers were desired, this problem could be circumvented by using a quaternion representation of the system. The system kinematics are given by
By investigating the properties of rotation matrices, the derivative of the rotation matrix can be written as
where S(·) is the skew-symmetric matrix
with properties
Now, the Newton Euler's equations can be obtained. The equation for translation in the {G} frame is given by
where m is the mass of the quadrotor and F E is the sum of external forces, then
Expressing (6) in the {A} frame, we have
where
T is a sum of external forces measured in {A}. The equation for rotation in the {G} frame is given by
where I A is the moment of inertia matrix and G L is an angular momentum measured in {G}. By expanding the above equation, it becomes
And expressing (9) in body axis
T is the sum of external torques measured in {A}.
Eqs. (7) and (10) represent the dynamics of the system and Eq. (1) represents the kinematics of the system. In expanded form, the equations are written as Dynamics :
Kinematics :
3. EXTREMUM SEEKING VIA ANTENNA DIVERSITY
Background and Concept
A quadrotor UAV is an ideal platform for an indoor communications relay. As its name suggests, a quadrotor is propelled by four rotors, two spinning clockwise and two spinning counter-clockwise. Quadrotors can hover in place, move up or down by increasing/decreasing all four motor speeds, or, by varying the speeds of the motors relative to the others, the quadrotor can move laterally in any direction or turn in place.
Extremum seeking control is an adaptive, model-free strategy for finding an unknown, optimal input to a nonlinear system. It's useful for applications where the nonlinear system behaves as a reference-to-output map; the goal is to maximize the output but the mapping is unknown. The traditional methodology involves probing the system with sinuisoidal inputs which in turn creates variations in the output and from these perturbations, the input can the be tuned in the direction that maximizes the output.
11 Extremum seeking was employed in the fixed-wing UAV scenario discussed in Section 1 where the circular motion of the UAV around a center-point was used instead of a generated sine wave. Similarly in Ref. 12 , a robot performed a sequence of quick motions to serve as the required dither signal. In lieu of motion, multiple antennas are used to generate the dither signal for the quadrotor communications relay.
A receiver radio will be able to connect to four directional antennas, each of which is placed at one of the rotors on the quadrotor, and provide SNR measurements that will then be used as the inputs into an extremum seeking, gradient descent controller. With antenna selection diversity, only one antenna is connected to the receiver at a time but the measurements can be obtained rather quickly by switching between received packets. SNR provides an indication of how much a signal has been corrupted by noise and is calculated by
where P signal is the incoming power and P noise is the background noise, both parameters expressed in dB.
The Shannon-Hartley theorem states that the channel capacity C, the theoretical maximum error-free data rate for a communication link, that can be achieved by a given SNR S N , where B is the bandwidth of the channel, is given by,
Hence, maximizing the SNR is equivalent to maximizing the channel's throughput. The use of four antennas provides additional robustness as it's highly improbable that all four antennas would be in a deep fade simultaneously.
Algorithm
The goal of the extremum seeking controller is to achieve the maximum throughput for the communications channel being relayed by driving the quadrotor to an optimal location in an unknown RF field. The inputs to the algorithm are the eight SNR measurements obtained from the four antennas communicating with the two end nodes. The use of multiple antennas allows the quadrotor to survey the communications field and find the direction to move towards to improve communications. After obtaining the SNR measurements, the first step in the algorithm is to select the two antennas to use for relaying by choosing the antenna with the highest SNR measurement from the four measurements available per node. Using this information, the controller performs two independent tasks simultaneously: (1) maximize the two antenna's SNR values (2) balance the two SNRs.
The peak-seeking and the balancing components can be performed independently because the respective forces they produce will be enacted orthogonal to eachother. The balancing force will act upon the line between the two selected antennas whereas the peak-seeking force will work in the axis perpendiclar to this line. Given the two antennas selected, there are two possible formulations for the maximization component of the algorithm. It's assumed the RF field can be characterized by an unknown smooth function F (x, y) : R 2 → R. Thus, if opposing antennas are selected, as in Fig. 3 where the two antennas along the x-axis are chosen, the peakseeking gradient, ∇F p (y), can be estimated with the SNR measurements obtained by employing the central finite difference method
where denotes the finite difference dither size and e j is the jth unit vector. The dither size will be constant as it's the distance between the quadrotor center-point and any of the four antennas located at their respective rotor. For the second case where adjacent antennas are selected, such as in Fig. 4 where the two antennas along the x -axis are chosen, a modified version of the central finite difference method is used to estimate G p (y ). The gradients G p (y + e j ) and G p (y − e j ) can be obtained from
and
where e i is the i th unit vector, e j is the j th unit vector, is the finite difference dither size which, due to the symmetry of the quadrotor, is the same in both the i th and j th directions for this application. The gradient G p (y ) is then obtained by the mean
To orient the gradient to the body-reference axes, G p (y ) can then be rotated counter-clockwise by the rotation matrix
so that
The quadrotor can then simply follow the gradient G p to maximize its received SNR values.
The balancing component of the extremum seeking algorithm is simple in its construction as only the two antennas in use are needed. The balancing gradient, ∇F b (x) if the chosen antennas are opposite or ∇F b (x), can be approximated by
where δ can take the values of 1 or −1 in order to orient the gradient vector appropriately (e.g., in Fig. 4 , if end node 1's strongest antenna is the bottom antenna and end node 2's strongest antenna is the right antenna, Figure 3 . In this instance, antennas along the x-axis have been been found to have the highest SNRs. Hence, the quadrotor will balance those SNRs by moving along the x-axis and will maximize them by moving along the y-axis. Figure 4 . In this instance, antennas along the x -axis have been found to have the highest SNRs. Hence, the quadrotor will balance those SNRs by moving along the x -axis and will maximize them by moving along the y -axis.
δ would equal −1 so as to orient the gradient along the x -axis). The quadrotor can then follow the negative gradient, −G b so as to balance the two SNR values received by the antennas currently in use.
As discussed in the previous section, the quadrotor is a holonomic vehicle and is thus treated as a point mass and the position of the vehicle is given by x ∈ R 2 (i.e., x = x y ). In order to provide collision avoidance capabilities, an artificial potential field is constructed so as to drive the quadrotor away from any obstacles. The artificial potential U ca (x) depends on the distance d(x) to the object; if the object is farther away than a specified distance D * , then the object is considered to be sufficiently far enough away from the quadrotor and can thus be ignored. In practice, this can be considered as the obstacle being out of the sensor's range. The gradient of the artifical potential field, ∇U ca (x) = G ca (x) 14 is thus
Hence, the quadrotor dynamics can be represented by,
where the gains K max and K balance can increase the resultant velocity and scale the rate of convergence of the peak-seeking versus the balancing controllers; K repel is scaled so as to prevent colliding with obstacles.
The optimization motion will persist until the quadrotor converges to within the neighbord of a minima, i.e.,
In other words, the SNR measurements of the quadrotor's two communications links will be approximately maximized and balanced. The quadrotor may perpetually attempt to optimize or may remain in a hover at this location as long as the SNR of each link remains above a specified threshold,
. The algorithm may converge to a local minimum instead of a global minimum. However, this is not considered a shortfall of the algorithm as its still provides a more optimal motion planning strategy for communications than can be achieved by traditional position-based methods.
SIMULATIONS
Simulations of the extremum seeking controller are presented here. End nodes, representing the users of the communication link (i.e., groundstation and robot in the scenario presented in Section 1), are fixed and the quadrotor is free to move so as to optimize the communication chain. Power measurements are simulated for an indoor or dense urban environment by the log-distance path loss model
where P Rx is the received power and P T x is the transmitted power, both expressed in dBm. The path loss, P L, is calculated by
where d is the distance between the transmitter and receiver. The path loss exponent, γ, takes on values ranging from 2 for free space up to 4 for a very noisy, lossy environment. The reference path loss, P L 0 , is calculated at a reference distance d 0 by the Friis transmission equation
where λ is the wavelength of the transmitted signal. For the antenna gains, G T x is taken to be unity and G Rx takes on a value ≤ 1 to account for the directivty of the quadrotor's antennas. Background noise is taken to be a fixed value while additional noise sources placed throughout the environment dissipate with distance from the noise center. SNR is then calculates as per Eq. (13).
Fig . 5 shows the case where the quadrotor is in free space, the ends have identical communication performance, and there are no obstacles or extraneous noises. Under these conditions, the quadrotor converges to Figure 6 . A noise source is added to the RF environment, resulting in the quadrotor converging to its optimal solution which is no longer the same as the position-based solution the the position equidistant between the two end nodes, as would happen in if a position-based algorithm were implemented. The graph shows the SNRs achieved by the two links; the quadrotor movement causes the two links to converge to the maximum achievable throughput in the RF environment.
A localized noise source is added to the environment for the simulation show in Fig. 6 . As is often the case with real RF environments, the optimal location for the communication relay is not the location that would be given by a position-based algorithm. While the throughput of an ideal, noiseless environment such as the previous simulation cannot be achieved, the link SNRs are maximized for the given noisy environment.
In Fig. 7 , the quadrotor is now in an environment with obstacles (e.g., walls). A laser sensor located at the quadrotor's center of mass can detect obstacles and allow the quadrotor to avoid collisions. The quadrotor will move to a minima in the RF field where the ideal location is now a function of the obstacles in the environment as well. While the focus has been on a single quadrotor, Fig. 8 shows the algorithm can potentially work with multiple quadrotors. Proc. of SPIE Vol. 7692 76920V-10 Figure 9 . The experimental setup consists of a ground node PC communicating with a Linux box (surrogate quadrotor), via antennas and a transceiver on the actual quadrotor.
EXPERIMENTATION
Experiments with hardware have been conducted to prove the viability of using antenna diversity to source the proposed extremum seeking controller. In these experiments a Linux box serves as a surrogate quadrotor. The surrogate quadrotor employees a ZigBee transceiver in order to communicate with another ZigBee radio which is connected to a PC. This ZigBee radio acts as the ground node for the quadrotor to leash to and the PC displays telemetry information so as to monitor the current status of the extremum seeking algorithm. An RF switch connects the quadrotor's radio to one of its four antennas at a time. Patch antennas are used for experimentation because of their light weight and highly directional gain pattern. While the algorithm runs on the Linux box, the transceiver, RF switch, and antennas are onboard the actual quadrotor. The AscTec Hummingbird quadrotor from Ascending Technologies GmbH 6, 15 serves as the platform for these tests. The Hummingbird takes care of low-level flight controls by running three independent PD control loops, one for each axis of rotation, running at a 1kHz update rate on an ARM processor.
The algorithm is implemented by passing messages from the ground node to the surrogate quadrotor. Contained in received messages are Received Signal Strength Indication (RSSI) measurements which may be parsed from the packet and assigned to the current antenna. As the RF switch cycles through the four antennas, the central difference gradient can be calculated per Eq. (15) . The gradient vector then provides the direction of travel which maximizes the RSSI and hence, throughput of the communications link. Telemetry messages are passed from the surrogate quadrotor to the ground node so that current RSSI measurements and the resultant gradient vector can be monitored as the quadrotor flies.
For higher-level control, the Hummingbird provides a second onboard ARM processor. Work is ongoing to port the extremum seeking controller from the Linux box to this processor. The extremum seeking algorithm will produce the gradient vector as before but now the vector will be tranlated into the corresponding roll and pitch commands to the Hummingbird, allowing autonomous flight. For these experimentations, the Hummingbird will be tethered to a mobile robot by its communication link. If the RSSI measurements remain above a prescribed threshold, RSSI thresh < RSSI desired , the quadrotor will maintain a hover and the signal from the current antenna will be continually fed to the receiver. As the communications link degrades and the RSSI falls below this threshold, likely due to the movement of the mobile robot, the quadrotor will begin the extremum seeking algorithm anew. 
CONCLUSIONS
Future work will focus on flying the quadrotor indoors. This will require the addition of collision avoidance sensors as well as an altitude hold controller. Multivariable and nonlinear controllers to work in conjuction with the quadrotor's simple linear control loops are being investigated as well to improve indoor flight performance.
The ideal communications relay should operate without user intervention or even knowledge; it should be a hybrid system that switches in and out of operation as necessary (i.e., use the direct link between two end nodes when link quality is sufficient and then switch in the relay when necessary), should optimize the communication link, and should perform recovery autonomously (i.e., return to base station, mobile robot, etc.).
The optimization goal can be achieved by the motion planning algorithm presented here. The algorithm uses antenna diversity as the input into an extremum seeking controller in order to optimize the positioning of a mobile relay node in a communications chain. Computer simulations and experimentation with actual hardware were performed, showing the concept to be viable for an autonomous communications relay.
